High-frequency Rayleigh-mode surface acoustic wave (SAW) devices were fabricated for 4G mobile telecommunications. The RF magnetron sputtering method was adopted to grow piezoelectric aluminum nitride (AlN) thin films on the Si 3 N 4 /Si substrates. The influence of sputtering parameters on the crystalline characteristics of AlN thin films was investigated. The interdigital transducer electrodes (IDTs) of aluminum (Al) were then fabricated onto the AlN surfaces by using the electron beam (e-beam) direct write lithography method to form the Al/AlN/Si 3 N 4 /Si structured SAW devices. The Al electrodes were adopted owing to its low resistivity, low cost, and low density of the material. For 4G applications in mobile telecommunications, the line widths of 937 nm, 750 nm, 562 nm, and 375 nm of IDTs were designed. Preferred orientation and crystalline properties of AlN thin films were determined by X-ray diffraction using a Siemens XRD-8 with CuK radiation. Additionally, the cross-sectional images of AlN thin films were obtained by scanning electron microscope. Finally, the frequency responses of high-frequency SAW devices were measured using the E5071C network analyzer. The center frequencies of the high-frequency Rayleigh-mode SAW devices of 1.36 GHz, 1.81 GHz, 2.37 GHz, and 3.74 GHz are obtained. This study demonstrates that the proposed processing method significantly contributes to high-frequency SAW devices for wireless communications.
Introduction
After the first commercial cell phone (Motorola DynaTAC) was designed and fabricated by Martin Cooper in 1983 [1] , various acoustic wave devices are investigated for use in mobile telecommunications, such as a surface acoustic wave (SAW) oscillator, thin film bulk acoustic resonator (TFBAR), and high-tone bulk acoustic resonator (HBAR) [2] [3] [4] . These devices are also applicable in popular video categories, such as PDAs, smartphones, and connected music players. In the meantime, frequency bandwidth of communication systems has received considerable attention in recent years [5] . Therefore, high-frequency SAW devices have been widely studied, owing to their low cost, small size, lightweight nature, simple structure, good reproducibility, and diversity of functional applications.
Piezoelectric films such as lead zirconate titanate (PZT), zinc oxide (ZnO), and aluminum nitride (AlN) thin films have been applied in acoustic devices for various applications [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In this study, the piezoelectric thin films of AlN are adopted for the applications of high-frequency SAW devices, owing to its better quality factor, high acoustic velocity, and high electromechanical coupling coefficient. The global systems for mobile communications can be classified into several systems, including GSM-900, DCS-1800, PCS-1900, WCDMA, and LTE. To promote the occupation efficiency of bandwidth segment, several studies have attempted to design and fabricate high-frequency acoustic devices for 2 Journal of Nanomaterials telecommunications [16] [17] [18] [19] . In this study, a novel procedure with the electron beam (e-beam) direct write lithography method to design and fabricate high-frequency Rayleighmode SAW devices was proposed.
This study attempts to optimize the fabrication processes by examining the influence of sputtering parameters on the performance of high-frequency AlN-based SAW devices. In particular, the effects of e-beam direct write lithography on the characteristics of the surfaces of AlN thin films are investigated. Given the continuous scaling down of the modern fabrication processes in line widths, conventional SAW devices are reaching their physical limits and alternative technologies are needed. The need for this requirement can be revealed when a specific liftoff method is adopted to realize the nanoscale interdigital transducer electrodes (IDTs). In this study, nanoscale IDTs are fabricated by using two patterning methods; those are conventional photolithography method combined with wet-etching and the e-beam direct write lithography method combined with dryetching. Finally, the acoustic performances of high-frequency Rayleigh-mode SAW devices are studied using a network analyzer system.
Experimental
In this study, low-stress silicon nitride was deposited on the silicon substrates by low-pressure chemical vapor deposition (LPCVD) as the supporting layer for the SAW devices. After the substrates were cleaned using a normal process, -axis orientation AlN thin films were deposited using reactive RF magnetron sputtering. The sputtering system was evacuated to a base pressure of 5 × 10 −7 torr by using a diffusion pump to achieve the required deposition conditions. Table 1 details sputtering conditions to prepare AlN thin films with a caxis orientation. An attempt was also carried out to obtain the optimal IDTs patterns by using two kinds of patterning methods.
The first method adopts the conventional photolithography method with wet-etching. The IDTs are patterned by the photolithography using photomask as shown in Figure 1 . The Al thin films are then deposited by a DC sputtering system. Table 2 details the sputtering conditions to prepare Al thin films. The IDTs are achieved using the liftoff method as shown in Figure 2 . The second method for fabricating IDTs involves combining e-beam direct write with dry-etching. The accelerated voltage of an e-beam writer is set at 50 kV, and the current is controlled at 100 pA. After the electron resistance is coated on Al thin films, the e-beam writer directly writes to define the IDTs according to the pattern shown in Figure 3 . The IDTs are then achieved with inductance coupling plasma (ICP) dry-etching process to remove unneeded Al thin films. Figure 4 shows the fabrication steps. Table 3 lists the designed parameters of IDTs for the SAW devices.
The preferred orientation and crystalline properties of the AlN thin films are determined by X-ray diffraction scanning between 20
∘ and 60 ∘ at the speed of 0.05 ∘ per second using a Siemens D8 with CuK radiation. The surface morphologies and composition distribution of thin films are observed by scanning electron microscope (SEM) (JEOL-6700 FESEM) with an energy dispersive spectrometer. The accelerated voltage of SEM is set at 10 kV, and the magnification is controlled over a range of magnitude ranging from 3000x to 60000x. Finally, the frequency responses of Rayleigh-mode SAW devices are measured using the network analyzer system (E5071C).
Results and Discussion

Structural and Morphological Properties of AlN Thin
Films. A strongly -axis orientated and a uniform surface morphology are the ideal physical properties of piezoelectric films for high-frequency SAW applications. Therefore, this study investigated two major deposition parameters to optimize the characteristics of highly textured AlN thin films, including sputtering pressure and RF power. Firstly, the sputtering pressure was varied and set to 5 mTorr, 10 mTorr, and 15 mTorr to determine the effects of sputtering pressure on the crystalline growth of AlN thin films. The substrate temperature was fixed at 300 ∘ C, owing to that the adequate thermal can improve the piezoelectric properties of AlN thin films. According to Figure 5 , excellent (002) orientated crystals with a small full width at half maximum (FWHM) can be obtained in samples at sputtering pressure of 10 mTorr. Additionally, as revealed by the surface morphologies and cross-sectional images in Figure 6 , the surface exhibited uniform cobblestone-like crystallites, and the columnar textured AlN thin film appeared. Secondly, the RF power was varied to investigate the influence on the characteristics of AlN thin films. The XRD patterns in Figure 7 display the variations in the 2 range of 30 to 60 degrees with the RF power. The results showed that AlN thin films deposited at 250 W exhibited a sharp (002) peak and small value of FWHM. Figure 8 reveals that the surface roughness of AlN thin films increased with an increasing of RF power. Therefore, the RF power was fixed at 250 W to achieve a higher electromechanical coupling coefficient and smooth surface shaped AlN thin films.
Finally, AlN thin films with a smooth surface, uniform grain size, and strongly -axis orientated crystallization were deposited based on the optimal substrate temperature of 300 ∘ C, RF power of 250 W, and sputtering pressure of 10 mTorr. The obtained surface morphologies of AlN thin films appeared to be dense with smooth surfaces and strongly textured columnar structures. As is believed, hexagonal crystals exhibit piezoelectricity of unity with a (002) preferred orientation [20, 21] .
Conventional Photolithography and E-Beam Direct Write
Processes. Figure 9 shows the optical microscopic (OM) images of IDTs by using the conventional photolithography method. Analysis results indicate that the IDTs morphology has several unfavorable properties, including a blurred morphology, damaged IDTs, and the breakage status. These properties are owing to the inability of the nanoscaled width of the photoresist to sustain the side etching of the acetone [22] . Although this study designed four different line widths of IDTs, the conventional photolithography method failed to fabricate IDTs with nanoscale. To resolve the above poor resolution, the e-beam direct write method is adopted.
In this study, high-frequency Rayleigh-mode SAW devices are fabricated using e-beam lithography, owing to its high resolution, high optical-sensitivity, precise alignment, low defect density, and easy preservation ability. Moreover, a less process time is expected due to the less writing area.
The ICP dry-etching process accompanied by the ebeam direct write method will be a promising solution for the nanoscale process. Several line widths of IDTs are designed and tested in advance to determine the limitations of the e-beam direct writer and the withstanding ability of the electron resistance for plasma etching. Notably, the exposure time must be adjusted because the exposure duration of e-beam is a dominant parameter. The insufficient exposures reveal an unclear line width and bad resolution, as shown in Figure 10(a) . Conversely, the overdose exposures caused excessive irradiation and damaged the line widths. Table 4 lists the durations of controlled exposures. Figure 11 shows the OM images of IDTs after the ICP-etching process. Analysis results indicate that the e-beam direct write method exhibits several favorable advantages, including an obvious morphology, acceptable processing time, high yield, and large electrodes area for electrical connections. Therefore, in this study, IDTs with nanoscale widths are obtained using the e-beam direct write method.
Frequency Responses of High-Frequency Rayleigh-Mode
SAW Devices. Figure 12 shows the frequency responses measured using the E5071C network analyzer for the SAW devices with various line widths patterns of IDTs. The center frequencies of the high-frequency Rayleigh-mode SAW devices of 1. Journal of Nanomaterials significantly contributes to high-frequency SAW devices for wireless communications.
Conclusions
This study describes the fabrication of a high-frequency Rayleigh-mode SAW device for 4G mobile telecommunication application. AlN thin films are deposited on Si 3 N 4 /Si substrates by reactive RF magnetron sputtering. The SAW devices are fabricated using the e-beam lithography method. The AlN thin films exhibit excellent properties, including (002) preferred orientation, smooth surface, uniform grain, and columnar structure with suitable sputtering parameters controlled. Additionally, e-beam direct write methods combined with ICP-etching methods are adopted to develop the nanoscaled IDTs. The proposed method has several advantages, including high density plasma, uniform etched surfaces, and high etching rate, making it feasible for fabricating the nanoscaled devices. Finally, the SAW devices Journal of Nanomaterials implemented with a Rayleigh-mode at 1.36 GHz, 1.81 GHz, 2.37 GHz, and 3.74 GHz are successfully fabricated in this study. Results of this study demonstrate that the proposed high-frequency SAW device is highly promising for use in 4G mobile telecommunication.
